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Abstract 

We study the five-dimensional (5D) supergravity compactified on an orbifold S 1 /Z2, 
where the U(1)r symmetry is gauged by the graviphoton with Z2-even coupling. In 
contrast to the case of gauging with Z2-odd coupling, this class of models has Majorana- 
type masses and allows the Scherk-Schwarz (SS) twist even in the warped spacetime. 
Starting from the off-shell formulation, we show that the supersymmetry is always 
broken in an orbifold slice of AdSs, irrespective of the value of the SS twist parameter. 
We analyze the spectra of gaugino and gravitino in such background, and find the SS 
twist can provide sizable effects on them in the small warping region. 
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1 Introduction 



The five- dimensional (5D) warped spacetime has various aspects for the physics beyond 
the standard model from the view point of both the phenomenological and the theoretical 
studies. For example, a hierarchy between the weak and the Planck scale and ones among 
the observed quark/lepton masses and mixings can be explained by the localization of 
graviton [1] and matter fields [2] respectively in an orbifold slice of the 5D anti-de Sit- 
ter space, AdS 5 . In the theoretical side, four-dimensional (4D) strongly coupled gauge 
theories can be studied within weakly coupled theories in AdS 5 by the use of so-called 
AdS/CFT correspondence [3j. Moreover, it is known that a low energy effective theory 
of strongly coupled heterotic string [I] can be described by 5D supergravity (SUGRA) on 
a curved background [5]. 

Among these features, the structure of supersymmetry (SUSY) [6], [TJ, [8] in an orbifold 
slice of AdSs, and the mediation patterns of SUSY breaking from the hidden to the 
visible sector [9] in such background is particularly interesting. Here we focus on some 
phenomenological models in a slice of AdSs with local SUSY. In the SUGRA framework, 
the U(1)r gauging is necessary to generate a bulk cosmological constant which makes 
the background warped. Then we have basically two ways for realization of such warped 
geometry, which are distinguished from each other by the orbifold Z 2 -parity of the gauge 
coupling constant for the U(1)r symmetry gauged by the Z 2 -odd graviphoton. 

In the case of Z 2 -odd U(1)r gauge coupling, an on-shell SUGRA-matter- Yang-Mills 
system was constructed [7j, and a lot of phenomenological studies have been done so far 
(see, e.g., [lO])- However, in order to embed such nontrivial Z 2 -odd coupling constant 
into SUGRA, which changes the sign across the orbifold boundaries, we need a four-form 
Lagrange multiplier [TTj . On the other hand, in the Z 2 -even coupling case, almost only 
the on-shell formulation for pure SUGRA case has been studied [6] , even though it seems 
simpler than the Z 2 -odd coupling case in the sense that it does not require any Lagrange 
multiplier whose origin is unclear within the framework of 5D SUGRA. 

In this paper, we study the latter case, i.e., 5D SUGRA compactified on an orbifold 
S 1 /Z 2 where the U(1)r symmetry is gauged by the graviphoton with Z 2 -even coupling, 
starting from the off-shell formulation [T2J Q3]. The off-shell formulation allows us to 
construct such SUGRA model coupled to an arbitrary number of matter and gauge fields 
even with boundary terms. Interestingly enough, this model allows the Scherk-Schwarz 
(SS) twist jH] even in the warped geometry [15], in contrast to the case of Z 2 -odd U(1)r 
coupling where it is prohibited from the consistency of the theory [IB] . In the absence of 
the SS twist, it is briefly shown in Ref. [13] that SUSY is spontaneously broken in a slice 
of AdSs in the case of Z 2 -even coupling. We reexamine this fact in more general setup, 
i.e., including the SS twist, and obtain a result that SUSY is always broken irrespective 
of the value of the SS twist parameter. 

A scenario of SS SUSY breaking has been extensively studied in a flat space. In such a 
case, the SS twist can be interpreted as a Wilson line for some auxiliary gauge field in the 
off-shell formulation [T71 [18] , and appears as a radion mediated SUSY breaking [19] in the 
4D effective theory. Thus it is not an explicit breaking of SUSY and gives a controllable 
result. Furthermore we have an interesting correlation between the flavor structures of 
fermion and sfermion when the hierarchies among quark/lepton masses are consequence 
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of the localization of matter fields [20]. However the effect of the SS twist on the soft 
SUSY breaking parameters in the warped geometry has not been investigated yet. So we 
study the structure of SUSY breaking in detail. 

The sections of this paper are organized as follows. In Section [21 we show the La- 
grangian for the 5D gauged SUGRA with Z 2 -even coupling, based on the off-shell formu- 
lation. For generality, we also include the SS twist parameter in the action. In Section [31 
we analyze the Killing spinor equations and show that SUSY is spontaneously broken in 
a slice of AdSs irrespective of the value of the twist parameter. In Section HI we study 
SUSY breaking structure in detail by computing spectra of the gaugino and the gravitino. 
Section [5] is devoted to summary and discussions. In Appendix [Aj we briefly review the 
off-shell formulation of 5D SUGRA on orbifold derived in Refs. [T2l [T3] . 



2 5D gauged supergravity with ^-even coupling 

In this section, we show the Lagrangian for 5D SUGRA compactified on an orbifold 
S 1 /Z 2 where the U(1)r symmetry is gauged by the graviphoton with a Z 2 -even gauge 
coupling. We utilize the off-shell formulation given in Refs. [T2l [13] and reviewed in 
Appendix [Aj in order to include physical riy vector multiplets and tih hypermultiplets 
with some superpotential terms at the orbifold boundaries. 

The ingredients of the off-shell formulation for our setup is the Weyl multiplet, (e^" 1 , 
■0* V* j , 6 M , v mn , x\ D), the vector multiplets, (M, W^, Q\ Y^) 1 and the hypermultiplets, 
(A% C"? The index i — 1,2 is the SU(2) [/-doublet index. The Greek subscripts 

fi, v, . . . describe the vector indices for 5D curved space, and the corresponding tangent 
flat space indices are represented by Roman subscripts m, n, .... These subscripts with 
under-bar will be used for the 4D space other than the compact fifth dimension /j, = y or 
m = 4. 

The index I = 0, 1, 2, . . . , ny labels the vector multiplets, and the 1 = multiplet is in- 
troduced to yield graviphoton degree of freedom which is included in the on-shell SUGRA 
(Weyl) multiplet. For hyperscalars A% the index a runs over a = 1,2,..., 2{n c + no) 
where nc and n# are the numbers of the compensator and the physical hypermultiplets, 
respectively. Each hyperscalar has a quaternionic structure, and is written as 

\ A%, A% 2 J ~ { (A & Y A% ) ' [ZA) 

where a = 1, . . . , nc+riu- In this paper we adopt the single compensator case, ric = 1, and 
divide the indices into two pieces such as a = (a, a) where a = 1, 2 and a = 1,2,..., 2n# 
are indices for the compensator and the physical hypermultiplets, respectively. The im- 
parity assignments for the fields in the above multiplets are summarized in Table [T] in 
Appendix [A3 Throughout this paper, we work in a unit of the 5D Planck mass, M 5 = 1. 
The most general off-shell action for 5D SUGRA on S 1 /Z 2 orbifold is given by [12J 

S = j d 4 x j ' dy[c h + C f + C^+Y^£®Kv-lR)\ (2-2) 
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where Cb, Cf and £ aux are the Lagrangians for the bosonic, fermionic and auxiliary fields, 
respectively. The stands for the boundary Lagrangian. These are explicitly shown in 
Eqs. ( EOj) and fbA4l . 

2.1 U(1)r gauging and tensions at boundaries 

One of important points to realize the warped background geometry is that cosmological 
constant terms are included in the Lagrangian, otherwise the background becomes flat. 
In order to obtain an orbifold slice of AdSs, 

ds 2 = e-^rj^dx^dx^-dy 2 , a(y) = k\y\, (2.3) 

as a solution of the Einstein equation, the bulk cosmological constant A must be balanced 
with the tensions A^, A^ at the boundaries pQ. This is the so-called Randall- Sundrum 
(RS) relation, 

v^6A = A<°> = -A«. (2.4) 

The bulk cosmological constant is generated in SUGRA framework by gauging i?-symmetry 
with a Z 2 -odd gauge field. The most economical choice for such gauge field is the gravipho- 
ton which always exists in 5D SUGRA. 

In the off-shell (superconformal) formulation of 5D SUGRA, the SU(2) R symmetry is 
realized as a diagonal subgroup of SU{2)u x SU(2)c, where SU{2)u is a gauge symmetry 
of superconformal groups which rotates the index i = 1,2, and SU(2)c is an isometry 
group which rotates only the compensator index a = 1, 2 (see the U gauge-fixing condition 
in Eq. flA.ll) ). The simplest version of such i?-gauging is a gauging of U{1) subgroup of 
SU(2) R . In this case, the covariant derivative of the compensator field is given by 

V,A% = d,A a i -B IM g R (t R ) a b A h i + --- , (2.5) 

with 

t R = iq-a, \q\ = l, (2.6) 

where is the graviphoton, q is a three-dimensional unit vector that indicates the 
direction of the gauging, and a = (01, a 2 , cr 3 ) are Pauli matrices. In general, the orbifold 
projection is expressed as 

¥(x,-y) = \\Z : A>> {,:<,). (2.7) 

where II = ±1 is the ^-parity eigenvalue of the field $. Without loss of generality, 
we choose Z = 03 in the following. The ^-parity of compensator is assigned such that 
the diagonal components are even while the off-diagonal ones are odd in Eq (12. ip . (See 
Table [1] in Appendix IA1 ) 

Since the graviphoton is Z 2 -odd, the gauge coupling g R associated to the gauging 
(12. 6p has to be Z 2 -odd for q = (0, 0, 1) while Z 2 -even for q = q 2 , 0). Most of the 

lr The corresponding gauge field V^ 1 ■ is an auxiliary field and thus non-dynamical. 
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phenomenological studies in a slice of AdSs have been done in the case of q = (0, 0, 1) with 
Z 2 -odd coupling g R oc e(y) where e(y) is the periodic sign function of the compactified 
extra coordinate y. Such Z 2 -odd coupling can be obtained in a sense dynamically by 
introducing four-form Lagrange multiplier [IT] into the off-shell formulation [12]. This 
multiplier simultaneously generates tensions at the boundaries proportional to d y e(y) = 
2(5 (y) — 5(y — irR)), which automatically satisfies the RS relation (12.41) . Here R is the 
radius of the orbifold. Thus, this SUGRA model admits an orbifold slice of AdSs as a 
background solution of the Einstein equation [12] . In fact, this background preserves N=l 
SUSY, and thus it realizes a SUSY RS model whose on-shell formulation is provided in 
Ref. [Zj. 

On the other hand, we do not need such Lagrange multiplier in 5D SUGRA framework 
in the case of q = (qi, q 2 , 0) with Z 2 -even g R . However, in this case, we have to find 
some mechanism to generate the tensions at the boundaries because the contribution to 
the tensions from the Lagrange multiplier no longer exists. In the off-shell formulation, 
constant pieces in the superpotential at the orbifold boundaries generate such tensions 
because now the U(1)r symmetry is gauged with Z 2 -even coupling g R which does not 
vanish at the boundaries^. 

Thus we introduce N — 1 invariant constant superpotential terms at the orbifold 
boundaries, 

J2^5(y-IR) D C w = ^ c%-/#) [0 3 H/«] F , (2.8) 



Z = 0,7T 



Z = 0,7T 



where is a compensator chiral multiplet induced from the bulk compensator hyper- 
multiplet, whose lowest component is A a ~? 2 an d [• • -}f represents the F-term invariant 
formula of N = 1 superconformal tensor calculus [T3l I2T] . The complex constant 
is parameterized as 



w^ 2 + iwi with real constants wf\. Because Cw contains a 



tadpole of the auxiliary field J 7 " in the compensator hypermultiplet (as well as of V* 



we rearrange the jF-related part of auxiliary Lagrangian C a 



C\y + C 



t 

aux 



c 



tension 



+ c w + c 
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shown in Eq. (|A.3[) and find 

(2.9) 



where 
r 

•'—tension 

r 



-4e {4) g R M I=0 S (V ~ lR ) (li^ - Q2W?) \A a , 



2 |2 
i=2 ' 



(2.10) 



1=0,: 



3(4) 



^5(y-lR)(w 



(0 

2 



IW 



(0> 



l = 0,1T 



2A a = = 2 2 {^,A 



AV i -2i^() a l 



-2cr i ^cr + 4a a = 2 2 v+ ■ iv R cT l - 2(A a =j 2 y^ m+ i mn v L ^ 

+2e(e^e (4) £ 5(y-lR) \w® \) (A a =* 2 )\ 



+ h.c. 
(2.11) 



« = 0,7T 



2 This contribution to the tensions does not exist in the case of gauging with Z2-odd coupling because 
ga vanishes at the boundaries. 
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Here is a determinant of the induced 4D vielbein and = (w[ , w 2 ,0). Then, the 
total Lagrangian is obtained as 

£b £f •^-'tension ~\~ t~"w ^aux I fa ± r« ■ (^"^^) 

Therefore the boundary tension is proportional to the constant wf 2 an d also the gauge 
coupling g^. We successfully obtain an orbifold slice of AdSs background if we tune the 
complex constants to suitable values satisfying the RS relation (12.41) . 

As pointed out in Ref. [13] . any value of does not allow a Killing spinor in 4D 
Poincare invariant vacuum. This means that SUSY is spontaneously broken in the slice 
of AdSs, if we choose the off-diagonal [7(1 ^-gauging q = (qx, q 2 , 0) with Z 2 -even qr. This 
fact was originally pointed out in Ref. [22] in a framework of linear multiplet compensator 
formalism. Here, notice that this class of theory admits the Scherk-Schwarz (SS) twist 
even in a warped spacetime [15J. Thus, there might be a possibility that the twist recovers 
SUSY in a slice of AdSs. We examine this possibility in Section [31 and show that any 
value of twist parameter cannot recover SUSY. 



2.2 Scherk-Schwarz twist 

Before analyzing the Killing spinor equations, we show how to include the SS twist into 
the previous SUGRA model described by the Lagrangian (12.131) . 

When we consider the torus compactification of fifth dimension, we have a nontrivial 
physical parameter (even in the pure SUGRA) called the SS twist [H] or the Wilson line 
associated to the SU(2)u symmetry |18j . Such a physical parameter can be introduced 
in the framework of 5D conformal SUGRA in the following way [15j . 

The normal (untwisted) SU(2)u gauge fixing for the compensator scalar is given by 

A\ = S'ty/l + A-jAj. (2.14) 
The SS twist can be incorporated into the theory by modifying this condition as 

A a i = (e^^y. ^1 + A-jAJ, (2.15) 

where u = (u>i, u> 2 , ^3) is the twist vector which determines the magnitude and the direc- 
tion of the twisting, and f(y) is a gauge fixing function satisfying f(y + nR) = f(y) + 7rjf| 
As shown in Ref. [15], the twist is possible only when the twisting direction is the same 
as the U(1)r gauging direction, [(q ■ ia), (uj ■ ia)] = 0, i.e., 

uj = u(q 1 ,q 2 ,0), (2.16) 

otherwise the resulting Poincare SUGRA has an inconsistency pointed out in Ref. [16]. 
This fact can be seen as an explicit mass term for the graviphoton in our framework. 

3 The function f(y) can be chosen arbitrarily as long as it satisfies this condition. The simplest choice 

is f(y) = y/R- 



5 



We can go back to the ordinary gauge fixing (I2.14p by rotating A a i for the index a. 
Then, the following additional terms [15] come out, 

e"X = / , (y)(^-a) a6 | e ^(^V4^-^V 4 ^) + 2zCVC a 

-4i^S m ( a A + 2^l 1 m ^A\A\ - ^ k V^ k {A\A a 3 + A h 3 A a „ 
-{]\y)W^t ah A\A a p (2.17) 

in the bulk Lagrangian, where f'(y) = (d / dy) f (y) . In this basis, the total Lagrangian is 
given by 

C'b £f •^-'tension ~\~ t~"w ~t~ ^aux pa -pa </~ia > (2-18) 

where the compensator is now in the periodic basis which follows the normal gauge fixing 

(ED. 

2.3 On-shell Lagrangian 

The terms containing V4 3 in the Lagrangian are collected as 

e- l C v ^ = e' k e H (V 4 -V 4soi y k (V 4 -V 4soi ) l J +2(A + By i V 4 t 3} (2.19) 



where 



A' j = -^J\y)e lk {(uj 2 - i uM a k 1 A a = 1 + (u J2 + tu Jl )A a fA a = 2 }, (2.20) 



(A%\By iA",y>> 



A a=2 B A a=2 B 

D! / ^ i=l JJ ^ i=2 1J \ fo Ol'l 

D i ~ \ ( Aa=2 d\* / Aa=2 r>\* i l z - z± J 



and 



B = e-h (4) J2S(y-lR)(™$ ] +™?)A7=2- (2-22) 



l=0,n 



Here we have used the relations V^=\ = (V% 2 2 )*, VfJ 2 = -(Vf^)*, and ^t a =\ = (A a =J 2 )*, 

a%\ = -(Ar=\y- 

Then we easily find 



e-'Cy^ = -e jk e u {-(y 4 -{V 4B0 i + A + B)y k (y 4 -{V 4B0 i + A + B) 

+2(A + By^Jj + (A + B)\(A + B) 1 ^, (2.23) 
and the total Lagrangian (I2.18P can be rewritten as 



C Cf, + Cf + ^tension ^w+uj ^aux 



(2.24) 

■pa _^ -pa + C a 
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where 



e^Cnsion = -4<7«M J =° £ 5\y) { qi wf - q 2 wf } ) (l + AjA^ 

l=0,n 

+2f\y)Y,^\y){^wf +u 1 w i { ) )(l + A^)\ (2.25) 

« = 0,7T 

^ l=0,ir > 

x ^2iC^A[A: (l + A*A\) ^ + 4*V47 4 7 m C-A, J 
-2{ £ (^(2/)|^)|) 2 + (/'(^pQ'Un-^^)^/^., (2.26) 



2=0,7T 



and 



<%) = e-^Siy-lR). (2.27) 

Note that the above expression is valid under the regularization satisfying 5 l (y)F(§ + , $_) = 
5\y)F(§ + , 0) for any regular function F of any Z 2 -even and Z 2 -odd fields $+ and 

Taking into account the superconformal gauge fixing conditions ( 1A.1I) which result in 
M J=0 = 1 + • • • and A a i = <£*+•••, the tensions at the boundaries are written as 

tension = ^(4) £ % " IR)^ + • • • , (2.28) 

« = 0,7T 

A w = 2^g 1 -/ , ^)o; 2 )4 -2(2^g 2 + / / (Z J R)a; 1 ) W f , (2.29) 

where ellipses stand for field-dependent terms. The bulk cosmological constant A induced 
by the U(1)r gauging is found in C b as 

C b D £ c . c . = ^4(M^)Vf 2 | 2 = -A + -.., (2.30) 

where A = —6k 2 and k = 2g^/3 is the AdSs curvature scale in Eq. (12.31) . The ellipsis 
again stands for field dependent terms. By comparing (I2.28P and (I2.30p . we find that the 
RS relation (12. 4p is satisfied if 

6k = -(- 6k qi + 2f (0V 2 )u4 0) - (6kq 2 + 2f(0)uj^wf } 

= (- 6k qi + 2f\-KR)u 2 ^w { 2 ) + (6kq 2 + 2f'(irR)uj 1 ) w i ] ■ ( 2 - 31 ) 

Together with the consistency condition (12.161) for the twist vector uj, the relation 
OUT]) results in 

i I (°) (°) \ U (°) i (0) \ 

1 = (w 2 >q x - w\ 'q 2 ) - — / ($){w\ 'q 1 + w\ ' q 2 ) 

= -( w ^ qi - w ^q 2 ) + ^f(nR)(w^q 1 + w^q2). (2.32) 



For instance, if the U(1)r gauging direction is q = (1, 0, 0) and the boundary constant 
superpotentials W^ '^ are real, the RS condition (12.321) uniquely determines = 

(0,7T) 

w 2 as 

w f = - W W = i. (g 2 = o, wf'^ = 0) (2.33) 



3 Killing spinor equations and SUSY breaking 

Now we study the Killing conditions. The gravitino SUSY transformation is given by 

8% = (d^-^^y^ + ^b^-V^ + ^v^^-^, (3.1) 

rf = -^L rl .F I (W)e+^ ? Y li ^ + ^n li 2isn J , (3.2) 
' 12AT 3Af 3 3Af K ' 

where e % is SUSY transformation parameter. To find a Killing spinor in the AdSs back- 
ground (12.31) . we substitute the on-shell values of the auxiliary fields into Eq. (13. lj) . and 
apply the superconformal gauge fixing conditions I 1A.1I) . 
From dtp* = 0, we find 

l -MjY Il 3 e 3 = -\a'{y) lA e\ (3.3) 
where cr'(y) = (d/dy)a(y) = ke(y). This results in 

a\ y y= 1 -^g R \A7 = 2 2 \ 2 M I = (q 1 - l q 2 ) l5 e*= 2 = 0, 
^(y)e i = 2 -^g R \ArJ 2 \ 2 M I =°(q 1 + iq 2 ) lB e i = 1 = 0. (3.4) 
Substituting these equations into another condition 5ip y = yields 

dye* - V tf y - io^y = 0. (3.5) 

The transformation parameter e l is an SU (2)-Majorana spinor, and is recasted as two 
Majorana spinors e + = e l R l +e l £" 2 and e_ = i^ 1 ^ 1 + e l R 2 ), which are Z 2 -even and Z2-odd, 
respectively. Then we obtain a relation between e + and e_ from Eq. (13 ,4p as 

e- = ~(?2 - igi75)e(l/)e+. (3.6) 
From (I3.5P and (13. 6p . we obtain 



( dyi +R = -t(q2-qi)(V y %ye(y)e 



3- 

9 y £+L = i{q2+iqi)V y l =l 1 e{y)e +L , 

d y [e(y)e +R ) = -i(q 2 + iqi)V y l J =1 e +R , 
, d y (e(y)e +L ) = i(q 2 - igiXVjl^e+z, 



-R, 



where e± = e CT ^/ 2 £ ± . 

To have a Killing spinor, Vy = ^L x must be in the form of 

V v % = (qi + iq2){-iv + d y e(y)), (3.8) 

where v is a real constant. The on-shell form of V y = e y 4 V4 is determined by Eq. ( 12.231) 
and we find 

V y % = (A + Bfjl,, (3.9) 

where A 1 j and 5 l are given in Eq. (I2.2ip . Comparing Eq. (13. 9p with Eq. (13.81) . we find 
that, if f(y) is not a singular function, 

«4 0) = 2g 2 , = -2 qi , = -2q 2 , = 2q u (3.10) 

is the condition for preserved SUSY in a slice of AdSs, which leads to relations, 

rf-rf = -(q 2 w^- qi wP) = 2{ql + ql) = 2, (3.11) 

and 

(0) , (0) O) , M n /, , \ 

w{'qi + w 2 'q 2 = w\'qi+W2 q2 = 0. (<J-12) 

From these relations, we find that the RS relation (12.321) is never satisfied for SUSY- 
preserving parameter choice (I3.10p . irrespective of the values of twist parameter uo. Note 
that SUSY might be restored in a detuned case with an AdS 4 background geometry. 



4 4D gaugino and gravitino masses 

From the analysis of Killing spinor, we have found that SUSY is spontaneously broken in 
the orbifold slice of AdS 5 . The result also shows that the SS twist cannot restore SUSY 
with vanishing 4D cosmological constant. This is contrast to the situation in the case 
of Z 2 -odd coupling, where the tensions at the boundaries are automatically supplied by 
the four-form mechanism generating such an odd coupling constant, and SUSY can be 
preserved in an orbifold slice of AdSs. 

Because SUSY must be broken with almost vanishing vacuum energy in our real 
world, the model studied above can be one of interesting mechanisms for such realization. 
Then, next, we study SUSY breaking structure more precisely by analyzing the 4D su- 
perparticle spectrum. For simplicity, we consider the case with a physical Abelian vector 
multiplet {ny = 1) with Z 2 -even parity and no physical hyper mult iplet {riu = 0) coupled 
to SUGRA, and show the lightest masses in the gaugino and gravitino spectra. 

The gaugino and gravitino bilinear terms in our model are collected as 

e-'cfl = 2ia IJ n I y Q J t + 2iN IJ N JKL A ai (gti) ab A bj tt K% tt L > + 2ia IJ (A a i d y A aj )Q H ^ Jj 

= itiy Qi-iti 1 Qmg } - iismftn n j + ■■■ , (4.1) 

e~ l Cf] 2 = -2#; 7 ^V^ - 2iM I A%(gt I ) ab A b ^ 1 mn ^ - 2iA a t V n AaMl mnk ^ k ) 

= 2#; 7 ^ p V,V* + 2^7™ (\rn { $ - ryfemg ) + • • ■ , (4-2) 
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where the compensator scalar A a i is in the twisted basis (12.151) . The ellipses denote cubic 
or higher-order terms, and the mass parameters are given by 



%3 \ q 2 + iqi 

H = f i(..\ ( Wi~ «wi 
« " iW uj 2 + ioui 



-^ ew S ( y-lR)H ) --S" ° A (4.4) 

Both and ^ are S'f/(2)-Majorana spinors satisfying f2* = (fij)^ = (f2*) T C*5 where 
C5 is a 5D charge conjugation matrix. We can decompose them into two Weyl spinors as, 
e.g., 

= ( _^ ) , ^= 2 = ( ~$ a ) ■ (4-5) 

We rearrange them into usual Majorana spinors Q± in the Z2-eigenstates satisfying 
(^±)^7° = (^±) T C*45 where C4 is a 4D charge conjugation matrix, as 

n+ = ( ) , n- = ( f • ) ■ (4.6) 

These spinors are expanded into Kaluza-Klein (KK) modes as 

n 

= e^J2ft ] (y)^l (4-7) 

n 

where complex wavefunctions fn (y) are solutions to the following equations, 
idyfi-\y) + e^M n Ui+\y)y + {^ + l ^)fi + \y) = 0, 

*d y fi + \y) - e^M4ft\y)y - + l ^ ) )ft\y) = 0. (4.8) 

Here, M n is the KK mass eigenvalues, and 

fi± = skqi±Rem^\ 

li± = ±skq 2 — Imm^' , (4.9) 

where s — 1/2, 3/2 for gaugino and gravitino, respectively. 

For a simple parameter choice f!2.33|) and a gauge fixing function f(y) = y/R, the KK 
equations H4.8[) are written as 

d y ai + \y) + (e a{y) M n -sk)ai l -\y)-(uj/R)bi-\y) = 0, 

d y al-\y)-(e^M n + sk)ai + \y)-(u J /R)bi + \y) = 0, 

d y b^(y)-(e^M n + skp-\y) + (cu/R)a^(y) = 0, 

d y bi\y) + {e^M n -sk)b^\y) + {uj/R)a^\y) = 0, (4.10) 
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(4.11) 



The boundary conditions can be extracted from the delta-functions in rrvj^ of Eq. (14.91) . 
and are found in this case as 



where e is a positive infinitesimal. Note that (y) and (y) are discontinuous at the 
boundaries. 

In the case of SUGRA with Z 2 -odd coupling, Dirac-type bulk mass terms such as f2 + f2_ 
are generated, which results in the Bessel-type wavef unctions. On the other hand, in the 
case of Z2-even coupling, we have Majorana-type mass terms such as In 
the latter case, we cannot solve analytically the first-order coupled differential equations 
(I4.10p . Therefore, we show some numerical results for the mass eigenvalues in the case of 
simple parameter choice shown in Eq. (I2.33[) . 

In Fig. [TJ the nkR dependences of the gaugino and gravitino mass spectra are given 
for uj = up to the third KK excited modes. In Fig. [2] (a), the masses of the lightest 
modes are shown together for u = 0, 1/8, 1/4, 3/8, 1/2. The small nkR region of Fig. [2] 
(a) is magnified in Fig. [3] (a). From these figures, we find that, for nkR 3> 1, the lightest 
gaugino and gravitino masses behave like m^, ^3/2 ~ e~ nkR k which is exponentially 
suppressed as is expected from the highly warped geometry. The effect of the SS twist 
is negligible in this region. On the other and, it becomes more important in the region 
nkR < 2. 

The overall SUSY breaking scale can be read off from the lightest gravitino mass 
7713/2. The next important quantity is the gaugino/gravitino mass ratio 7711/2/7713/2, which 
is shown in Fig. [2] (b). The small nkR region of Fig. [2] (b) is magnified in Fig. [3] (b). 
The ratio takes minimum value at nkR ~ 2 which is about 0.2. In the flat limit k — > 0, 
the ratio 777.1/2/777.3/2 converges on unity when u 7^ 0. This is the same ratio as in the 
case of the radion mediation in flat space which is equivalent to the SS SUSY breaking in 
flat space [18]. When uj = 0, SUSY is restored in the flat limit, and both 7711/2 and 777,3/2 
approach to zero. 

5 Summary and discussions 

We have studied the five- dimensional SUGRA compactified on an orbifold S /Z2 where 
the U(1)r symmetry is gauged by the graviphoton with Z 2 -even coupling. In order to 
include superpotential terms at the orbifold boundaries as well as matter fields, we worked 
in the off-shell formulation of 5D SUGRA. For generality, we have introduced the SS twist 
parameter in the Lagrangian. After integrating out the auxiliary fields, the on-shell action 



2a (-)(0 + e) + aW(0) 
2a < n -\nR-e) + a(+\nR) 

2&(-)(0 + £ ) + e ) (0) 
2bl-\nR-e) + b^(nR) 



0. 
0. 

0. 
0, 



(4.12) 
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is obtained including tensions induced by the constant superpotentials at the boundaries, 
and the Killing spinor equations are derived in an orbifold slice of AdSs. It has been 
shown that the equations do not allow a Killing spinor on such background irrespective 
of the value of twist parameter u>, that means SUSY is spontaneously broken on this 
background and the SS twist cannot restore it HI 

We have also shown the details of SUSY breaking when the constant superpotential 
terms at the boundaries are tuned such that the 4D cosmological constant vanishes. The 
KK equations for the bulk gaugino and gravitino wavefunctions are derived, which do not 
have an analytic expressions for the solutions in contrast to the case of SUGRA with Z 2 - 
odd coupling. This is due to the existence of the Majorana-type bulk mass instead of the 
Dirac-type. A numerical computation for the KK mass eigenvalues has been performed. 
The result shows that the 4D (lightest) gaugino and gravitino masses behave as mi/ 2 , 
m 3/ / 2 ~ e~ 7TkR k in the large warping region irkR 3> 1 that possesses a large exponential 
suppression, but a negligible effect of the SS twist. On the other hand, the twist provides 
a sizable effect in the small warping region irkR < 2. 

The ratio between the gaugino and the gravitino masses m 1 / 2 /m 3 / 2 is suppressed at 
most by a factor of (9(1/10) within the whole range of warping parameter, nkR (at least 
for the simple parameter choice f!2.33j) ) . Then the mediation of SUSY breaking to the 
gaugino mass will be interpreted as a modulus-dominated one (radion mediation), and 
the contribution from 4D chiral compensator at the loop level [23] is negligible. However, 
in the region 7tkR ^> 1, the messenger scale can be naturally very low compared to the 
modulus (radion) mediation in a flat space without fine-tuning. Then, we may realize a 
low scale modulus mediation without fine-tuning within our framework. For more detailed 
study about the low energy phenomenology, the 4D effective theory in N = 1 superspace 
would be useful. A direct and systematic derivation for such 4D effective action starting 
from the off-shell SUGRA is given in Ref. [24J based on the N = 1 superfield description 
of 5D SUGRA proposed in Ref. (25] and developed in Ref. [26]. An application of these 
effective action method to the present model will be interesting and instructive. 

The orbifold radius remains as a modulus in our simple setup. If we introduce, e.g., 
some boundary induced potential terms to stabilize the radion, they can generate constant 
terms in the boundary actions after the radion has a vacuum expectation value. The 
constant superpotentials on the boundaries in our model may originate from such constant 
terms. In such sense, the radion stabilization mechanism would have some connection to 
the SUSY breaking structure studied in this paper. 
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A Off-shell formulation of 5D orbifold supergravity 



In this appendix we review the hypermultiplet compensator formulation of 5D conformal 
(off-shell) SUGRA derived in Refs. [EKE]. 

The 5D super conformal algebra consists of the Poincare symmetry P, M, the dilata- 
tion symmetry D, the SU(2) symmetry U, the special conformal boosts K, N = 2 super- 
symmetry Q, and the conformal supersymmetry S. We use //, i>, . . . as five-dimensional 
curved indices and m,n, . . . as the tangent flat indices. The gauge fields correspond- 
ing to these generators Xa = P m , M mn , D, Uij, K m , Q i: Si, are respectively = 
e M m , u™ n , 6 M , Vj*, f™, ipi, 0^, in the notation of Refs. \FZl The index i = 1,2 is the 
5 , f/(2) [/ -doublet index which is raised and lowered by antisymmetric tensors = e^. 

In this paper we are interested in the following superconformal multiplets: 

• 5D Weyl multiplet: (e™, ip^, V* j , &„, v mn , \\ D), 

• 5D vector multiplet: (M, W M , ft*, Y ij Y, 

• 5D hypermultiplet: {A% ( a , T%. 

Here the index I = 0, 1,2, ...,n v labels the vector multiplets, and 1 = component 
corresponds to the central charge vector multiplet^. For the hypermultiplet s, the index 
a runs as a = 1,2,..., 2{n c + njj) where n c and uh are the numbers of the compen- 
sator and the physical hypermultiplets, respectively. In this paper we adopt the single 
compensator case, ric = 1, and separate the index a such as a = (a, a) where a = 1,2 
and a = 1,2,..., 2n# are indices for the compensator and the physical hypermultiplets, 
respectively. 

A superconformal gauge fixing for the reduction to 5D Poincare SUGRA is given by 



D 

U 

s 

K 



M = Mg = 1, 
A\<x8% (n c = l) 

M& 1 * = o, [AA) 

M~ l V m M = 0, 



where M = C IJK M I M J M K is the norm function of 5D SUGRA with a totally symmetric 
constant Cjjk, and Mi = dM/dM 1 . The derivative V m denotes the superconformal 
covariant derivative. Throughout this paper we take the unit of the 5D Planck mass, 
M 5 = 1. 

The off-shell action for 5D SUGRA on S 1 jZ% orbifold is given by [12] 



S = I 'd 4 x I 'dy{c b + C f + C^+^C®6(y-lR)V (A.2) 
where Ct, £ aux and Cn=i are the Lagrangians for the bosonic, fermionic, auxiliary 



Roughly speaking, the vector field in this multiplet corresponds to the graviphoton. 



13 



fields and the boundary Lagrangian, respectively, given by 

e~ x C h = - l -MR-\Ma u Fl v F^ J + l -Ma u V m M I V m M J + ±Af IJ yyy Mj 
+V m A%V m A: + A%(g 2 M 2 )PA* + N-\A^V m Aif 

+\e~ l c IJK e x ^W{ (fJ u F« + \g\W,, W U ] J F% + -^ a [W„, W U ] J [W P , W a ) K ^j 

e- l C f = -2iAftfj^ vp V^ p + 2zATa /J / yfi J - 2iC(f + gM)( a 

-2%A^ n A a ^^ mnk ^ k 3) + 2ia u A%V m A a Ml m ^ ~ 4iV n A%^ n l m (« 
+N{^M kl mnk % + ^ m r ) +M{a IJ n H lm ^f - igtfjp, Q} 1 

8 

+ l -u I F^ nn {w)^ kl mnki ^ l + 2i, m r + a JK n j 7 mn n K + e 7 mn c a ) 

+iUa IJ ^ m ( 1 ■ F T (W) - 2fM I )- f m n J 

-2Ara /J (n / 7 m 7 ri ^ m )(^ n7fc fi J ) + 2Na IJ (n I 1 m 7 n ^ m )(ij n n J ) 



e' 1 ^ = D'(A 2 + 2M)-8ix' i A% a -~M IJ (Y I v -Y*){Yj -Y/ jsol ) 
+2A/> - v sol ) mn (v - v sol ) mn - J\f (V^ - V solfl f{V» - 

+ (1 - W^ =0 W I=0fl / (M /=0 ) 2 ) {T% - F% ol )(Fj - ^ sol ), (A.3) 

and 

£« = -|[00e-^ CO ^)/ 3 ] Z) + [/^ > (^)^^] i ,+ [^H-WC^)]^. (A.4) 
Here we have used some expressions defined as 



i sol 


= -Af /=0 (^ /= o)Vo 




sol m 


= -^(2A^V m AJ ] - 




^sol ran 


= -^ImjfUw)- 


l \ 6J\f4> m 1pn + ClmnCa 


I sol 


= M IJ y% Kou = 


M^igtj^A^, 



1 

2 J 



y? = 2A^(gt I yPAi ) + iAr IJK tiVi, (A.5) 

and D' } x 1 ' are shifted auxiliary fields from D, x 1 m the Weyl multiplet respectively 
for which we omit the explicit form (see Ref. [12] ). The notation A^B^ is defined as 
A^Bri = (A i B j + A j B i )/2. 

The bulk gauge kinetic function ajj is calculated as 
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Weyl multiplet 



n = +1 


e*, e y \ i/, y _, £ +> ^ ^ Kf 1,2) , « X+, 


n = -l 




Vector multiplet 


n(M) 


M, W y , Y (1 ' 2 \ Sl_ 


-n(M) 




Hypermultiplet 


n^ti 1 ) 


\1ol—\ A2a f^Za—l r2a /-& 
i=l ) i=2 5 i=2 5 i=l) S+ 




a2&—1 a2& spla—X <rfla /■& 
j=2 ) 1/1 i=l) - r i=l 1 - r i=2i S>- 



Table 1: The Z 2 parity assignment. The under-bar means that the index is 4D one. The 
subscript ± for all the SU(2) Majorana spinors is defined as, e.g. ip + = ip 1 ^ 1 + ip 1 ^ 2 and 
^_ = i(^l =1 + where if> RL = (1 ± 75)^ A exce Pt for C+ = i((Z =2& ~ 1 + Cr =2& ) and 

e = cr 2 " -1 + cr 2A (« = i, •'■ ■ ,nc + n H ). 

The ny + 1 gauge scalar fields M 7 are constrained by D gauge fixing shown in Eq. (1A.1I) 
resulting ny independent degrees of freedom. For hyperscalars A% the notation a in the 
action stands for A OL i = d^ L A^ i where dj* = diag(l 2nc , — ^2n H )- 

It was shown in Ref. [321 Q3] that the above off-shell SUGRA can be consistently com- 
pactified on an orbifold S 1 /Z 2 by the Z 2 -parity assignment shown in Table [T] without loss 
of generality. In the boundary action, is the N — 1 compensator chiral multiplet with 
the Weyl and chiral weight (w,n) = (1, 1) induced by the 5D compensator hypermulti- 
plet, while S and W Ia stand for generic chiral matter and gauge (field strength) multiplets 
with (w, n) = (0, 0) at the boundaries which consist of either bulk fields or pure boundary 
fields. The symbols [•■■]/? and [■ ■ - ]p represent the D- and F-term invariant formulae, 
respectively, in the N = 1 superconformal tensor calculus [T3J [21] . Without the boundary 
N = 1 action £jv=i, the auxiliary fields on-shell are given by = V so \^, v mn = v so \ mn , 
Y n i = Y^ j , = F« u , and £ aux finally vanishes on-shell, e" 1 ^; 811611 = 0. 
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In M n /k 




nkR 





n=l 
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- —m- — 


n=3 



(a) Gaugino: s — 1/2, uj = 



In M n /k 




JXkR 





n=l 






n = 2 


- — ■- — 


n=3 



(b) Gravitino: s — 3/2, uj = 



Figure 1: Numerical results for (a) the gaugino and (b) the gravitino mass spectra up to 
the third KK excited modes in terms of a dimensionless quantity nkR. The parameters 
in the model are chosen as in Eq. (12. 33ft . 
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In M n=1 /k 
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(a) The lightest gaugino (s = 1/2) and gravitino (s = 3/2) masses. 
m 1/2 /m 3/ 2 




TikR 



(b) The lightest gaugino/gravitino mass ratio. 



u) = 
u) = l/8 
u) = l/4 
w = 3/ 8 
(0 = 1/ 2 



Figure 2: Numerical estimation for the effect of the SS twist u on the masses of the 
lightest modes in the gaugino and the gravitino KK spectra, (a) The lightest gaugino and 
gravitino masses are shown together, and (b) the lightest gaugino/gravitino mass ratio is 
shown for various values of the SS twist, uj. The parameters in the model are chosen as 
in Eq. fl2T33|) . 
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(a) The lightest gaugino (s = 1/2) and gravitino (s = 3/2) masses. 
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(b) The lightest gaugino/gravitino mass ratio. 
Figure 3: The small irkR region of Fig. [2] is magnified. 
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